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SUMMARY 
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•  A 


A  sample  dispenser  with  electronic  control  of  delivered  volume  has 
been  designed  and  evaluated  With  the  new  device,  liquid  samples  are 
dispensed  in  the  term  of  uni  form  droplets  less  than  4  nL  in  volume;  total 
volumes  as  snail  as  40  nl  rah  be  delivered  with  1.5%  precision.  Important 
features  of  the  >i  i  i  ,  i"  ml  ton  process  have  been  studied  and  the 
effect  of  sample  t;  ation  and  viscosity  have  been  examined. 

The  new  dispenses  is  e  u-  vr  d  to  rind  application  in  several  areas,  including 
electrothermal  at-.;,  '.cat  i cm  •; » <  i  c  absorption  spectrometry,  automated  titrimetry, 
and  high-precision,  i.i.;-  .  u.„  solution  sampling, 


y 


INTRODUCTION 

Many  analytical  i o<  !m ;  imp  .  require  the  accurate  and  precise  application 

or  delivery  of  small  . . .  of  liquid  samples.  In  order  to  meet  these 

needs,  various  syr ingo-hased  dispensers  have  been  designed  [1-3].  However, 
these  devices  are  generally  limited  to  delivering  volumes  of  1  pL  or  larger 
and  are  not  amenable  to  rapid,  electronic  control  of  the  volume  dispensed. 
They  often  suffer  also  from  i rr oproduc ible  transfer  of  the  sample  to  a 
surface,  such  as  that  ol  an  electrothermal  atomizer  [4]. 

Tiny  samples  in  the  form  of  microdroplets,  typically  50-100  pm  in 
diameter,  were  used  by  -everal  researchers  in  the  study  of  atomization 
processes  in  chemical  flames  [5-7],  and  as  a  means  of  sample  introduction 


for  quantitative  analysis  [8].  Microdroplets  have  also  been  employed  for 
titrant  delivery  in  micro-titrations  [9,10]. 

The  use  of  a  microdroplet  generator  for  sample  delivery  is  attractive 
primarily  because  of  the  wide  range  of  volumes  which  can  be  accurately 
dispensed  and  the  ease  with  which  this  volume  can  be  controlled  by  vary¬ 
ing  the  number  of  droplets  generated.  Unfortunately,  most  devices  used 
to  generate  microdroplets  are  not  convenient  to  use  and  require  substantial 
bulk  volumes  from  which  the  droplets  are  extracted.  Such  devices  form 
droplets  by  forcing  the  desired  solution  through  a  vibrating  capillary 
or  orifice  and  sonically  decomposing  the  resulting  jet  into  a  stream  of 
droplets.  This  method  requires  relatively  large  amounts  of  sample  solution, 
is  prone  to  failure  from  capillary  clogging,  and  expel  Is  microdroplets 
with  considerable  velocity,  making  them  hard  to  control  and  encouraging 
droplet  splashing  or  shattering. 

In  order  to  overcome  these  difficulties,  we  have  designed  a  new  kind 
of  droplet-generator-based  sample  dispenser  after  the  method  described  by 
Abbott  and  Cannon  [11].  This  system,  shown  in  operation  in  Fig.  1,  generates 
microdroplets  by  rapidly  withdrawing  a  glass  stylus  from  an  aliquot  of 
sample  solution  contained  in  a  suitable  reservoir.  As  the  stylus  with¬ 
draws,  it  pulls  with  it  a  filament  of  solution  from  the  reservoir.  Upon 
further  withdrawal  of  the  stylus,  the  filament  detaches  itself  first  from 
the  stylus,  and  then  from  the  bulk  of  solution  remaining  in  the  reservoir. 
This  filament  then  collapses  upon  itself,  forming  a  microdroplet  which 
falls  freely  from  the  apparatus.  The  microdroplets  fall  in  a  reproducible 
trajectory  and  are  easily  collected  on  a  surface  or  in  a  container. 
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In  this  paper,  the  utility  of  this  device  for  sample  dispensing  and 
application  is  evaluated.  It  is  demonstrated  that  sample  volumes  as  small 
as  40  nL  can  be  reliably  dispensed,  and  sample  delivery  rates  can  range 
from  the  application  of  a  single  40  nL  volume  in  0.7  sec  to  sample  flows 
of  36pL/min.  At  present,  sample  delivery  precision  is  known  to  be  at 
least  as  good  as  1.5"  relative  standard  deviation  for  volumes  greater  than 
40  nL.  Unfortunately,  measurement  uncertainty  currently  precludes  a  better 
estimate  of  precision.  Potential  areas  of  application  of  the  new  apparatus 
are  considered  and  its  limitations  discussed;  the  system  is  expected  to 
be  especially  useful  where  small  total  volumes  of  sample  material  are  avail¬ 
able  and  where  sample  delivery  precision  is  critical. 


EXPERIMENTAL 

Instrument  description 

A  schematic  diagram  of  the  new  sample  dispenser  is  shown  in  Fig.  2, 
with  the  specific  components  listed  in  Table  1.  The  stylus  is  solid,  drawn 
borosilicate  glass  with  a  main  shaft  0.5  mm  in  diameter  x  30  mm  long  and  a 
tip  120  pm  in  diameter  x  10  mm  long.  These  specific  dimensions  are  not 
critical,  but  have  proven  convenient  in  routine  use.  The  stylus  is  driven 
by  a  ceramic  piezoelectric  bimorph  mounted  in  a  cantilever  configuration. 

The  stylus  is  affixed  to  the  bimorph  with  epoxy  cement  and  can  be  accurately 
positioned  with  respect  to  the  reservoir  by  means  of  a  vertical  screw 
translator. 


The  bimorph  itself  is  driven  by  an  amplifier  supplying  a  100  V  peak-to- 
peak  sine  wave  at  157  Hz,  the  resonant  frequency  of  the  bimorph —stylus  com- 
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bi nation.  It  is  necessary  to  operate  this  system  at  resonance  in  order 
to  produce  sufficient  deflection  of  the  stylus  for  microdroplet  formation. 
The  influence  of  operating  frequency  on  stylus  deflection  is  clearly  shown 
in  Fig.  3. 

The  reservoir  tube  used  in  the  oresent  study  is  a  4-cm  long  section  of 
2-mm  i.d.  glass  tubing  which  holds  the  sample  solution  by  capillary  action. 
If  a  large  sample  volume  is  to  be  employed  or  many  repetitive  volumes  of 
the  same  solution  are  to  be  dispensed,  the  reservoir  tube  can  be  coupled 
to  a  larger  vessel  through  a  siphon. 

The  baffle  is  a  25-mm  section  of  6-nin  i.d.  glass  tubing  placed  through 
the  center  of  a  40-mm  diameter  aluminum  disk.  This  combination  serves  to 
shield  the  falling  microdroplets  from  air  currents  about  the  apparatus, 
making  their  trajectory  and  therefore  the  location  of  sample  deposition 
more  reproducible. 

An  electronic  gate  allows  the  operator  to  select  the  exact  number  of 
microdroplets  which  are  dispensed.  Each  cycle  of  the  bimorph  driving  wave 
produces  a  single  microdroplet.  In  turn,  the  number  of  driving  wave  cycles 
Is  controlled  by  a  preset  value  in  the  gate  controller,  which  opens  the 
gate  between  the  wave  form  generator  and  amplifier  for  the  requisite  number 
of  cycles.  In  routine  use,  the  volume  which  is  dispensed  is  related  to 
the  number  of  bimorph  driving  cycles  through  a  calibration  curve  or  measured 
droplet  volume.  This  hardware  scheme  could  easily  be  duplicated  under 
software  control  with  a  small  laboratory  computer  or  microprocessor. 

The  ceramic  bimorph  exhibits  a  significant  level  of  hysteresis  upon 
start  up,  causing  the  initial  100  droplets  (200-400  nL  total  volume)  to  be 
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rel iably. 

Assessment  c  *' 

Several  •  y.  >  t «.  determine  the  volume  of  a  single 

microdroplt  t  .  .  :iu  reproducibil ity  of  droplet  volume, 

and  to  examine  tn>  .•*">.  :  i  experimental  variables  on  droplet  size. 

Droplet,  vj'i  •••  ;•>  i-ducibtl  i  ty  were  initially  measured  in¬ 

directly  from  the  i:  ..■••I  the  impression  formed  by  a  falling  micro¬ 
droplet  in  a  beu  ;  ■  :  in  >  p  ;  u  magnesium  oxide  [12].  Such  a  bed  is  easily 
prepared  by  burning  a  sit  ip  of  magnesium  ribbon  in  air  and  collecting  the 
resulting  oxide  viol  ,  ■  a  microscope  slide.  The  slide  thus  prepared  was 
passed  through  th<>  s’->„:i>  ,,f  failing  microdroplets,  with  the  resulting 
impressions  viewet:  . .rs.tr- •  a  microscope.  The  diameters  of  these  impressions 
were  then  quant  . ' a t ■•.,  vp.,  .  on  w-th  a  standard  stage  micrometer.  To 
obtain  the  true  ;!'-eplM  d i riiitet.tr ,  the  values  so  obtained  were  multiplied 
by  an  empirically  d--*.>rmint»d  i  cu.r  of  0.85  [13],  to  correct  for  distortion 
of  the  microdroi  1  t  impact  This  method  allows  droplet  diameters  to 
be  determined  w’  i  ,i.  u  ,  oT  •  0.5  pm  and  a  precision  of  1.9%  RSD. 
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A  second  method  was  employed  to  evaluate  the  accuracy  and  precision 
with  which  aggregates  of  microdroplets  could  be  dispensed.  For  these  mea¬ 
surements,  the  reservoir  of  the  microdroplet  generator  was  filled  with  a 
solution  containing  10  mg  Mg  mL-1.  The  dispenser  was  then  used  to  deliver 
selected  amounts  of  this  "sample"  into  vials  containing  3  mL  of  deionized 
water.  The  concentration  of  the  resulting  magnesium  solution  was  deter¬ 
mined  by  atomic  absorption  spectrometry. 

With  this  latter  technique,  accuracy  of  sample  dispensing  was  evaluated 
by  comparing  measured  magnesium  concentrations  with  those  calculated  from 
the  known  microdroplet  size,  number  of  microdroplets  dispensed,  concentration 
of  original  Mg  solution,  and  the  volume  into  which  the  sample  was  delivered. 

The  major  uncertainty  in  this  latter  method  is  in  the  microdroplet 
volume  measured  from  magnesium  oxide  impressions.  A  ±  0.5  pm  uncertainty 
in  diameter  generates  an  approximately  2 %  uncertainty  in  volume  for  the  range 
of  microdroplet  diameters  examined.  Other  sources  of  error,  propogated 
through  the  measurement  procedure,  raise  the  overall  uncertainty  to  3%. 

Precision  of  sample  delivery  was  determined  by  dispensing  5  replicate 
samples  into  measured  volumes  of  water  and  comparing  the  resulting  Mg  con¬ 
centrations.  Measurement  of  5  aliquots  of  the  same  sample  produced 
1.0  -  1.5%  r.s.d.,  indicating  the  limit  of  this  method.  Of  course  these 
precision  values  are  actually  a  result  of  errors  in  both  the  dispensing 
and  measurement  procedures.  The  precision  of  sample  delivery  might  actually 
be  better  than  the  values  reported. 
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RESULTS  AND  Dkm  .'V.  . 

Single  drop!..:;.  ■  ■ 

The  s  ize  o,  ;c  v  idnai  i„icro>jroplsts  is  governed  by  both  the  stylus 
diameter  and  t)u»  i'*-ni..ii  :.n  which  it.  penetrates  the  bulk  liquid  in  the  sample 
reservoir  i't/u-i  v- 1  Uopt :i  is  conveniently  measured  under  stroboscopic 
illumination  wur.  u  opc  curtaining  a  calibrated  reticle.  The  range 

over  which  i..  -  :.c  umed  with  a  120-pm  diameter  stylus 

is  indicated  in  r  so.  r,..  .>;■•>■, un ,  increasing  penetration  depth  results 
in  the  production  <;•!  •=>...  ets  of  a  large*'  diameter.  Increasing  or 

decreasing  the  sc.;,  i  n  oi  »;,,r ter  shifts  this  entire  range  up  or  down. 

Ir,  the  pres;,;  1  •• .  miroplets  between  175  -  200  pm  are  preferred; 

they  are  large  en. '  a  long  a  reproducibl .  trajectory  but  still 

possess  a  small  indiviou,,':  .;•■■■  •  me  for  fins  resolution  in  total  sample  volumes. 

Solution  v:~  :  ;;  face  tension  strongly  affect  the  size  of 

generated  micron;-  ;,.;  ,  >  i  •..-•negi;  no  exact  relationship  between  these 

parameters  has  y:  L  ;-d,  fig.  5  clearly  shows  an  increase  in  micro¬ 

droplet  diameter  /  i "  • .  ip,.;  •••,-■=..  ing  solution  viscosity.  This  behavior  arises, 
presumably,  from  i.i.o  i  -  i  ;••!!  of  a  longer,  more  stable  filament  from  the 
higher  viscositv  ,cin!  ion  { >- f .  fin.  1,  frame  4).  This  longer  filament  pro¬ 
duces  a  larger  ; ,,,  -y  .i  !  ,,por  coi  iapse.  Also,  surface  tension  influences 
microdroplet  sire  -  .•  ,  •  „  t'e  'grip"  the  stylus  has  on  the  solution 

filament.  Th ; s  yic  af f'ects  when  detachment  of  the  filament  occurs,  and 
therefore  inflt'-r,;  <-•<  in,  ,i?c  of  the  resulting  microdroplet.  Importantly, 
although  these  f,v  r ;•••  -  affc-ih  the  size  of  microdroplets  dispensed,  and 
therefore  neoes  ,  ,  i  inr,il  ion ,  a  wide  range  of  solution  viscosities 

as  well  as  organic  soivei.t.s  can  be  conveniently  dispensed. 
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From  MgO  impression  measurements,  single  microdroplets  can  be  produced 
with  a  precision  in  diameter  of  3.3%  r.s.d.  However,  this  error  propogates 
to  a  relative  standard  deviation  of  10%  in  terms  of  volume. 

Aggregate  sample  studies 

Calibration  curves  for  the  sample  dispenser  operating  over  two  widely 
different  volume  ranges  are  shown  in  Figs.  6-7.  Comparison  with  calculated 
values  indicates  an  accuracy  of  approximately  ±1.5%  over  both  ranges. 

Typical  values  for  precision,  indicated  in  Tables  2-3,  suggest  a  usable 
lower  limit  for  volumes  dispensed  of  about  40  nL  (with  use  of  air  jet). 

Figure  6  indicates  the  importance  of  using  the  air-jet  droplet  deflection 
system  to  improve  accuracy  and  precision  for  sample  volumes  below  200  nL. 

The  use  of  the  air-jet  eliminates  roll-off  in  the  calibration  curve,  restoring 
an  intercept  at  the  origin.  The  improvement  in  precision  is  indicated  by 
Tables  2  and  3.  At  sample  volumes  greater  than  200  nL  the  air  jet  system 
is  not  required,  as  indicated  by  the  convergence  of  the  two  portions  of 
Fig.  6. 

Although  Fig.  7  extends  only  to  25  yL,  larger  volumes  can  be  conveniently 
dispensed.  The  only  limit  to  larger  volumes  are  reservoir  capacity  and  the 
maximum  count  compatible  with  the  gate  controller.  In  the  present  instru¬ 
ment,  both  factors  can  be  easily  modified  to  accommodate  a  larger  range  of 
sample  volumes  if  desired. 

People t  charge 

In  the  course  of  this  study  on  microdroplet  formation  it  was  noticed 
that  the  microdroplets  possess  a  small  inherent  charge.  The  charge  was 
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determined  by  v  .  . :  olet  stream  between  a  set  of  planar  copper 

electrodes  hr-  i'-,u  the  resulting  deflection.  This 

method  yield';  -  -  cet  charge  on  each  microdropl et  of 

10" 1 3  couleiiK'  ’•  r’.fc  electrons. 
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CONCLUS  T  or; 

A  S0!;i|  •• :  ■ 
wide  range  of 
electronic  con; ;  ' 
simple  to  open 

This  devi  • 
application  tn  •;  •  1 
mlcrotitratii.i.  ■■■ 
aliquots  are  i  o.  :  ■ 


oc'.oplet  generator  can  provide  a 
.  '  ‘.--r  to  micro!  iter,  under  convenient 

.•„*!  iab'ie,  inexpensive  to  build,  and 

■  eriipl oyed  to  improve  precision  in  sample 
atomizer,  but  should  also  be  useful  in 
where  small,  reproducible  sample 
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Table  1 


Instruments'!  c 


Bimorph: 


. .  M  '  a  O.iV"  x  0.021"  manufactured  by 

.ii  .'iczoc lectric  Division,  Bedford,  OH 


Waveform  genm  M  :  i  jm:,  basea  on  an  EXAR  XR-2206  CP 


Gate:  .-ce-j  in  conjunction  with  a  741 

:  .  .  .  .  i  I  i  1  i er 

Gate  control  lei  .  ■.  ..ouse,  based  on  7490  decade  counters  and 

•;  0  Mi  :•  •;;)O.Vtt.o>s  . 


Amp!  if  ier: 


.!  ;  ■■ ,  2-stage  push-pull  amplifier  capable 

.  ; ;•  ,  .300  Vc-p,  approximate  gain  of  75. 


Solenoid  valve. 


;  V"!<-5  i 2-V  solenoid  valve  manufactured 
Scientific,  East  Hanover,  NJ. 


Table  2 

Precision  as  a  function  of  volume  dispensed  (no  air  jet  deflection  employed) 


Volume  dispensed(nL)  RSD(%) 

7.8  32.5 

65  6.0 

204  3.4 

431  0.6 

830  0.4 

2,600  1.06 

3,900  0.4 

7,300  1.5 

10,100  1.1 

24,600  1.2 


ri  with  air  jet  used  to  deflect 


RSD ( % ) 


35.7 

17.3 

6.3 

1.6 

0.3 


FIGURE  LEGENDS 


Figure  1. 


Figure  2. 


Figure  3. 


Figure  4. 


Figure  5. 


Figure  6. 


Microdroplet  formation  sequence 
(1-3)  filament  formation 

(4)  filament  detaches  from  stylus 

(5)  filament  collapse 

(6)  microdroplet 

Schematic  diagram  of  sample  dispenser  based  on  a 
microdroplet  generator. 

Stylus  deflection  as  a  function  of  bimorph  driving 
frequency  (100  V  peak-to-peak  voltage  applied  to 
bimorph) . 

Droplet  diameter  as  a  function  of  depth  to  which 
stylus  penetrates  bulk  solution. 

Droplet  diameter  as  a  function  of  glycerol  concen¬ 
tration  in  aqueous  solution.  Range  of  viscosities 
across  curve  is  from  1  to  1000  cP  (approximately). 

Calibration  curve  for  sample  dispenser  showing  effect 
of  the  air  jet  on  small  volume  samples. 

(Circles  -  experimental  values  with  air  jet, 
triangles  -  experimental  values  without  air  jet). 
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